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Abstract
The aim of the present study was the examination of the impact of β-sitosterol and
gentisic acid on the characteristics of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) liposomal particles: (a) bilayer permeability (fluorescence spectroscopy),
(b) particle size, polydispersity index (PDI) and zeta potential (photon correlation
spectroscopy) and (c) thermal properties (differential scanning calorimetry). β-
sitosterol induced the increase of liposomal bilayer rigidity, due to rearranging of
the phospholipid chains, while gentisic acid enhanced the membrane fluidity, due
to the reduced orderliness and the increase of phospholipid dynamics. The inclu-
sion of β-sitosterol in liposomes caused a significant increase in particle diameter
and PDI, while the encapsulation of gentisic acid did not have influence on parti-
cle size distribution. Apart from that, the presence of β-sitosterol resulted in the
significant zeta potential increase, and thus a better stability of liposomal spheres
(in the absence and in the presence of gentisic acid). β-sitosterol decreased main
transition temperature (Tm) and phase transition enthalpy (∆H), and caused thedisappearance of the pre-transition peak as well, whereas the presence of gentisic
acid produced a slight decrease in Tm and increase of ∆H. Therefore, gentisic acidhad more favourable, stabilizing interactions with phospholipids than β-sitosterol.
Thus, it can be concluded that β-sitosterol is located in the bilayer interior between
phospholipids acyl chains, and gentisic acid is incorporated near the outer leaflet of
the phospholipid membrane, next to the polar head groups. β-sitosterol and gen-
tisic acid loaded DPPC liposomal particles have a potential to be used in food and
pharmaceutical products, due to the important individual and possible synergistic
beneficial health properties of β-sitosterol and gentisic acid.
Keywords: β-sitosterol, gentisic acid, liposomes, permeability.
1. INTRODUCTION
Liposomes represent spherical micrometric or nanomet-
ric particles comprising a central aqueous compartment,
encircled by one or more bilayers which are composed
mainly of phospholipids and sterols. Biocompatible and
biodegradable liposomal particles are suitable for deliv-
ery of various bioactive components, including vitamins,
polyphenols, carotenoids, peptides, enzymes, essential
oils (Hammoud, Gharib, Fourmentin, Elaissari, & Greige-
Gerges 2019; Jovanović et al. 2018; Reidel, Camussone,
Archilla, Calvinho, & Veaute 2019). During the encapsu-
lation of active principles in liposomal vesicles, lipophilic
compounds can be located within the lipid bilayer,
hydrophilic substances in the aqueous internal cavity,
whereas amphiphilic components are found at the water-
lipids interface (Hammoud et al. 2019). 1,2-dipalmitoyl-
sn-glycero-3-phosphatidylcholine (DPPC), the naturally
occurring zwitterionic lipid (molecular weight of 734.1
g/mol and molecular formula C40H80NO8P, Figure 1a), isfrequently used for the preparation of liposomes, as model
systems of cell membranes or as particles for the delivery
of active substances (Neunert et al. 2018; Puskás & Csem-
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pesz 2007; Ricci et al. 2016). Apart from that, with the
aim to fill the gaps into liposomal bilayers, as well as to re-
duce leakage of active principles, sterols are usually added
into the mixture for the preparation of liposomes. There-
fore, this step can influence the fluidity and stability of
the liposomal membrane (Chen, Han, Cai, & Tang 2010).
Phytosterols, β-sitosterol included (Figure 1a), are simi-
lar in structure and function to animal sterols and there-
fore can be used in liposomes formulations. Moreover,
phytosterols demonstrate numerous health benefits, in-
cluding lowering plasma cholesterol and triacylglyceride
levels and reducing the risk of cardiovascular diseases
(Quilez, Garcia-Lorda, & Salas-Salvado 2003). According
to the literature, gentisic acid (as a phenolic acid, Figure
1c) has show chemopreventive effect against breast and
brain cancers (Altinoz, Elmaci, Cengiz, Emekli-Alturfan,
& Ozpinar 2018), while plant extracts rich in this active
substance have exerted antiproliferative and apoptotic ef-
fect on glioma cell cultures (Sitarek et al. 2017). How-
ever, phenolic acids are quite sensitive to light, high tem-
perature, oxygen and the presence of different pH, en-
zymes and nutrients in the gastrointestinal tract (Munin &
Edwards-Lévy 2011; Pasukamonset, Kwon, & Adisakwat-
tana 2016). Thus, in order to enhance stability, bioavail-
ability and efficacy of active compounds, as well as to
achieve their prolonged release, numerous carriers (such
as liposomes) are developed and used (Djorđević et al.
2015; Eloy et al. 2016; Jovanović et al. 2019; Munin &
Edwards-Lévy 2011).
(a)
(b) (c)
Figure 1. Structure of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine-DPPC (A),
β-sitosterol (B) and gentisic acid (C)
The present study investigates the influence of β-
sitosterol and gentisic acid on the characteristics of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) li-
posomes, including bilayer permeability (fluorescence
spectroscopy), particle size, polydispersity index (PDI)
and zeta potential (photon correlation spectroscopy)
and thermal properties (differential scanning calorimetry,
DSC).
2. MATERIAL ANDMETHODS
2.1. Chemicals
Lipid DPPC was purchased from Avanti Polar Lipids
Inc. (USA), while β-sitosterol, chloroform, 2-[4-(2-hy-
droxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES),
1,6 diphenyl-1,3,5-hexatriene (DPH) and 1-(4-trime-
thylammoniumphenyl)-6-phenyl-1,3,5-hexatriene p-tolu-
enesulfonate (TMA-DPH) were purchased from Sigma-
Aldrich (USA).
2.2. Preparation of DPPC liposomes
DPPC liposomes were prepared by the following method:
the required amounts of chloroform solutions of DPPC
lipid and β-sitosterol (0 or 10 mol %) and methanol so-
lution of gentisic acid (nGA/nlip = 10−1) were evaporated(Rotavapor R-210, Büchi, Switzerland, pressure 17 mbar,
45
◦C, 3 h) and the thin lipid film was obtained (Eloy et
al. 2016). DPPC-β-sitosterol liposomes (without gentisic
acid) were prepared as well. Further, in order to form
multilamellar vesicles (MLVs), the thin film was hydrated
using HEPES buffer and the final concentration of lipids
in liposomal suspension was 2 mg/mL. Small unilamel-
lar vesicles (SUVs) were prepared from MLVs using ultra-
sound waves (titanium probe, with 10 s on-off cycles for
30 min and amplitude of 40%).
2.3. Fluorescence polarization and anisotropy
measurements
Fluorescence polarization and anisotropy measurements
were performed in a fluorescence spectrophotometer
(Cary Eclipse, Varian, Austria). Liposomal suspension
of SUVs (DPPC and DPPC-β-sitosterol liposomes without
gentisic acid) was diluted by HEPES and the lipid concen-
tration in the samples was 0.1 mg/mL. With the aim to
analyze the fluidity of DPPC and DPPC-β-sitosterol lipo-
somes, DPH fluorophore was mixed with SUVs, and po-
larization (p) and anisotropy (r) were measured within
temperature range from 20 to 60◦C. Apart from that, in
order to determine the influence of encapsulated gen-
tisic acid on liposomal membrane fluidity, the mixture of
diluted liposomal suspension and TMA-DPH fluorophore
was titrated by the addition of gentisic acid aliquots
(nGA/nlip varied from 0 to 1) or water as a control, at 25◦C.DPH and TMA-DPH fluorescence polarization values were
measured at the excitation wavelength of 358 nm and the
emission wavelength of 410 nm. Each sample was mea-
sured four times.
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2.4. Measurements of liposome particle size, PDI
and zeta potential
Photon correlation spectroscopy was employed for deter-
mination of particle size, PDI and zeta potential of MLVs
and SUVs, at 25◦C, using Zetasizer Nano Series and Ze-
tasizer Software (Malvern, UK). All measurements were
done in triplicate.
2.5. Analysis of liposomes thermal properties
The thermal properties (transition temperature and en-
thalpy) of the DPPC and DPPC-β-sitosterol liposomal par-
ticles (in the absence and in the presence of gentisic acid,
nGA/nlip = 10−1) were analyzed by using NANODSC III in-strument (Calorimetry Science, USA). The liposomal sam-
ples (MLVs) and HEPES buffer (control) were degassed
under vacuum. Subsequently, the liposomal suspension
(1mL, 1 mg/mL) and HEPES were placed in the calorime-
try cells. The gel-to-liquid phase transition was monitored
within the temperature range from 10 to 70◦C.
3. RESULTS AND DISCUSSION
3.1. Polarization and anisotropy
With the aim to examine the influence of β-sitosterol and
gentisic acid on the permeability of DPPC liposomal mem-
brane, fluorescence measurements were performed by us-
ing two kinds of fluorophores, DPH (for influence of β-
sitosterol) and TMA-DPH (for influence of gentisic acid).
These mentioned fluorescence probes are easily inserted
into the hydrophobic region of the lipid bilayer, with the
fact that DPH is positioned at the interior of the mem-
brane, whereas TMA-DPH is located around the mem-
brane surface (Balanč et al. 2015). Therefore, DPH and
TMA-DPH fluorescence is influenced by the polar envi-
ronment of the liposomal bilayer. The obtained results of
fluorescence polarization and anisotropy measurements
of DPH in DPPC and DPPC-β-sitosterol liposomal suspen-
sion (without gentisic acid) are shown in Figure 2 (A and
B, respectively).
As can be seen from Figure 2, polarization and
anisotropy values (p and r, respectively) have decreased
with the increase of the temperature (20–60◦C).
In the case of pure DPPC liposomes, p values changed
from 0.455 to 0.099, whereas r values were 0.360 at 20◦C
and 0.069 at 60◦C. The obtained results had been ex-
pected since high temperatures enhanced the movements
of phospholipids and thus increased the permeability of
the liposomal membrane. Moreover, a significant drop in
p and r values at 45◦C could be noticed, which was in ac-
cordance with the literature data and with the results ob-
tained in DSC analysis as well (Paragraph 3.3); for each
Figure 2. Fluorescence polarization-p (A) and anisotropy-r (B)
of 1,6 diphenyl-1,3,5-hexatriene (DPH) added to
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
DPPC-β-sitosterol liposomes, at different temperatures
(20–60◦C)
phospholipid, p and r values are high in the gel phase
and decrease significantly above the phase transition tem-
perature (McMullen & McElhaney 1995; Wu et al. 2012).
The same trend was noticed in the sample with DPPC-β-
sitosterol system, except that p and r values were lower
in comparison to pure DPPC liposomes, but only up to
the temperature of 40◦C. After that, values were higher in
the case of DPPC-β-sitosterol liposomes. This could be ex-
plained by the restricted mobility of DPH fluorophore and
rigid/ordered bilayer membrane in the system contain-
ing β-sitosterol, even at higher temperatures. Also, it was
noticeable that the addition of β-sitosterol (had) caused
the slight drop in p and r values, but already above 35◦C,
which was consistent with the literature and with the data
obtained in DSC analysis (Paragraph 3.3); sterols rear-
ranged the phospholipids chains making the membrane
less fluid and at the same time decreasing the phase tran-
sition temperature (Ricci et al. 2016; Wu et al. 2012).
The results of fluorescence polarization measure-
ments of TMA-DPH in DPPC and DPPC-β-sitosterol lipo-
somal suspension titrated by the addition of gentisic acid
are presented in Figure 3 (A and B, respectively).
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According to the graphs in Figure 3, with the increase
of gentisic acid content (nGA/nlip 0, 0.1, 0.2, 0.4, 0.6,0.8 and 1), p values gradually decreased, from 0.435 to
0.233 in DPPC system and from 0.432 to 0.228 in DPPC-
β-sitosterol liposomes. Therefore, the addition of gentisic
acid caused the enhancement of the permeability of the
liposomal bilayer. These results indicated that gentisic
acid decreased the ordering and increased the dynam-
ics of phospholipid alkyl chains in the TMA-DPH environ-
ment, and thus, the bilayer became less rigid when more
gentisic acid was incorporated into liposomes.
Figure 3. Fluorescence polarization (p) of
1-(4-trimethylammoniumphenyl)-6-phenyl-1,3,5-hexatriene
p-toluenesulfonate (TMA-DPH) added to
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
DPPC-β-sitosterol liposomes and titrated with gentisic acid
(GA)
Poklar Ulrih et al. (2010) showed that higher con-
centrations of polyphenols caused the increase in lipo-
somal membrane fluidity as well. The introduction of
–OH group at the o-position in benzoic acid (as in the
case of gentisic acid, Figure 1) resulted in the changes
of cell membrane permeability, as well as in the increase
of osmotic fragility (Mineo et al. 2013). On the other
hand, since there is no significant difference between p
values of DPPC and DPPC-β-sitosterol liposomes contain-
ing gentisic acid, it can be concluded that the presence
of β-sitosterol does not induce alteration or disturbance
during incorporation of gentisic acid, probably because of
low β-sitosterol content (10 mol %).
3.2. Particle size, PDI and zeta potential
The particle size, PDI and zeta potential of the liposomal
vesicles were measured using photon correlation spec-
troscopy at room temperature. Table 1 represents the
mean particle size, PDI and zeta potential of DPPC and
DPPC-β-sitosterol liposomes, in the absence and in the
presence of gentisic acid.
As can be seen from Table 1, the inclusion of
β-sitosterol in liposomal structure causes significant
changes both in MLVs size and SUVs size (the increase of
liposomal vesicle diameter). The reason could lie in the
interaction of sterols with phospholipids chains, forma-
tion of the inter-lipid space and consequently liposomal
membrane expansion. As mentioned earlier, the presence
of sterols in the bilayer produced a rigid liposomal mem-
brane, and thus caused the decrease in particle deforma-
bility, which also led to the greater vesicle size. How-
ever, all the obtained MLVs were quite large, which could
be attributed to the thin film method used for liposomal
preparation; the application of ultrasound waves induced
significant particle size reduction, approximately 10 times
in the case of DPPC liposomes and 17–20 times in the
case of DPPC-β-sitosterol system. Also, it was noticeable
that the presence of gentisic acid did not cause signifi-
cant changes in MLVs and SUVs size. PDI, as a measure
of the vesicle size distribution, can range from 0, related
to monodisperse system, to 1, related to heterodisperse
system. β-sitosterol induced an increment of PDI values
(the increase of particle heterogeneity), particularly in the
case of SUVs, whereas the addition of gentisic acid did not
have that effect (Table 1).
Interestingly, the ultrasound waves induced the en-
hancement of heterogeneity (higher PDI values) as well,
probably because of the viscosity of liposomal suspension.
Namely, the presence of a large amount of lipids and
sterols contributed to the attenuation of the ultrasound
waves and the active part was restricted to a zone located
in the vicinity of the ultrasound probe (Jovanović et al.
2017; Wang & Weller 2006). Thus only vesicles around
probe could have been significantly reduced, while the
influence of ultrasound waves on the rest of the spheres
was quite minor. Regarding the data obtained by mea-
suring the zeta potential, DPPC liposomes (in the absence
and in the presence of gentisic acid)showed a significantly
lower value of zeta potential (Table 1). On the other hand,
the inclusion of β-sitosterol caused a significant enhance-
ment of zeta potential, and consequently a better stabil-
ity of liposomal particles, due to the increase of the space
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Table 1. Particles size, polydispersity index (PDI) and zeta potential of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
DPPC-β-sitosterol liposomes (multilamellar vesicles-MLVs and small unilamellar vesicles-SUVs), in the absence and in the presence
of gentisic acid (GA), at 25◦C
Sample particles size (nm) PDI zeta potential (mV)
MLVs1
DPPC 1146.0± 33.0 0.138± 0.033 2.95± 0.43
DPPC-β-sito 2444.7± 86.5 0.251± 0.026 15.7± 0.1
DPPC +GA 1119.7± 48.0 0.178± 0.062 4.06± 0.62
DPPC-β-sito +GA 2399.1± 63.4 0.254± 0.031 18.3± 0.5
SUVs
DPPC 107.2± 0.2 0.290± 0.020 1.58± 0.39
DPPC-β-sito 127.6± 2.1 1.0± 0.0 5.56± 0.40
DPPC +GA 113.8± 3.1 0.335± 0.081 1.74± 0.22
DPPC-β-sito +GA 142.7± 1.9 0.495± 0.030 6.12± 0.18
between lipid head group and hydrophobic stabilization
of liposomes (Bhattacharya & Haldar 2000). Apart from
that, the addition of β-sitosterol induced changes in the
phospholipid order and provided the hydrogen-bonding
interactions (Bhattacharya & Haldar 2000), which led
to the zeta potential change; values for DPPC liposomes
were 2.95 ± 0.43 (in the absence of gentisic acid) and
4.06±0.62 (in the presence of gentisic acid), whereas lipo-
somes containing sterol possessed higher absolute value,
−15.7±0.1 mV for DPPC-β-sitosterol and −18.3±0.5 mV
for DPPC-β-sitosterol with gentisic acid. According to the
data presented in Table 1, the reduction of particle size,
from MLVs to SUVs, led to the significant decrease in sur-
face charge of both DPPC and DPPC-β-sitosterol, partic-
ularly in the case of liposomes containing sterol. Thus it
could be concluded that SUVs represented unstable lipo-
somes. Nevertheless, SUVs with incorporated β-sitosterol
were more stable compared to SUVs without sterol. All
mentioned results point to an increase in the stability of
liposomes with incorporated β-sitosterol, since the more
stable colloid dispersion is defined with a higher absolute
value of zeta potential (Honary & Zahir 2013). Further-
more, only in MLVs, gentisic acid caused a low, but still
significant increase in zeta potential. Since encapsulated
active principles, such is gentisic acid, induce changes in
membrane permeability, they can change the order in
phospholipid chains, as well as the value of total charge
(Bhattacharya & Haldar 2000; Mineo et al. 2013; Ulrih et
al. 2010).
3.3. Thermotropic properties of liposomal particles
Thermotropic characteristics (temperature of the phase
transition-Tm and the changes in enthalpy-∆H) of theDPPC and DPPC-β-sitosterol liposomes, in both the ab-
sence and the presence of gentisic acid, were monitored
by using DSC. The thermograms are presented in Figure
4.
Figure 4. DSC thermograms of
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and
DPPC-β-sitosterol liposomes in the absence and in the presence
of gentisic acid (GA); ∆H, phase transition enthalpy; DSC,
differential scanning calorimetry
As can be seen from the thermogram of pure DPPC
liposomes (without β-sitosterol and gentisic acid, Fig-
ure 4), a low and wide pre-transition peak appeared at
37.7
◦C (Tpre), while the main and sharp transition peakwas at 42.3◦C (Tm). The obtained values of pre-transitionandmain transition temperatures of pure DPPC liposomes
are in good agreement with literature data (Balanč et
al. 2015). According to the literature, the pre-transition
represents conversion of a lamellar gel phase to a rip-
pled gel phase, relating to the polar phospholipids area,
and the main phase transition, as a conversion of a rip-
pled gel phase to a liquid crystal phase, represents the
changes in the acid chains of phospholipids and inter-
actions with encapsulated compounds (Ricci et al. 2016;
Wu et al. 2012). However, on the thermogram of 100%
DPPC liposomal particles with incorporated gentisic acid
(nGA/nlip = 10−1), Tpre is seen at 35.3◦C, whereas Tm ap-
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pears at 41.7◦C. Although, according to the literature, the
encapsulation of active compounds resulted in the disap-
pearance of the pre-transition peak (Balanč et al. 2015),
in the case of DPPC liposomes containing gentisic acid the
mentioned peak existed. It could be explained by the pres-
ence of a lower content of active substance (lipid/gentisic
acid molar ratio was only 10−1). Nevertheless, the in-
corporation of gentisic acid into DPPC liposomes caused
a slight decrease in Tm and increase in ∆H (from 9.8kcal/mol for pure DPPC to 11.2 kcal/mol for DPPC with
gentisic acid).
The presented results are in agreement with the lit-
erature data given that Wu et al. (2012) have shown that
high∆H indicated the presence of stabilizing interactions
between encapsulated substances and lipids. Further-
more, it can be noticed that the presence of β-sitosterol
in the DPPC liposomal bilayer caused the disappearance
of the pre-transition peak (both in the absence and in the
presence of gentisic acid, Figure 4). Several authors have
reported that in the liposomal particles containing sterols
(at concentrations above 5 mol %) the pre-transition tem-
perature peak does not exist (Ricci et al. 2016; Wu et al.
2012). The reason can be in the presence of a rippled
gel phase at room temperature, due to the inclusion of β-
sitosterol into the bilayer structure. As can be seen from
Figure 4, the main phase transition temperature and en-
thalpy of liposomes containing 10 mol % of β-sitosterol
were lower than the same parameters of liposomes with-
out sterol. Namely, the addition of β-sitosterol induced
a decrease in Tm (40.3◦C, both in the absence and in thepresence of gentisic acid), whereas ∆H values were 5.3
and 6.1 kcal/mol in the absence and in the presence of
gentisic acid, respectively; β-sitosterol caused a signifi-
cant decrease in enthalpy compared to pure DPPC lipo-
somes, which is in agreement with previous studies (Jo-
vanović et al. 2018;Wu et al. 2012). Comparing the incor-
poration of β-sitosterol and gentisic acid into liposomal
particles, it could be concluded (via the changes in en-
thalpy) that gentisic acid had more favourable, stabilizing
interactions with phospholipids than β-sitosterol. More-
over, according to the presented results, it can be con-
cluded that gentisic acid is located near the outer leaflet
of the liposomal bilayer, next to the polar head groups,
whereas β-sitosterol occupies the membrane interior be-
tween phospholipids acyl chains.
4. CONCLUSION
In the present research, β-sitosterol and gentisic acid
were used for the preparation of DPPC multilamellar and
unilamellar particles, and their influence on liposomal bi-
layer permeability, particle size, PDI, zeta potential and
thermotropic properties was investigated. Bilayer perme-
ability measurements indicated that β-sitosterol (incor-
porated in the interior of the membrane) rearranged the
phospholipids chains making the membrane less fluid,
whereas gentisic acid (occupied the membrane outer
leaflet) enhanced the permeability of liposomal bilayer.
The incorporation of β-sitosterol into liposomal structure
resulted in the significant increase of liposomal vesicle di-
ameter (both MLVs and SUVs), while the presence of gen-
tisic acid did not cause significant changes in liposomal
particle size. However, β-sitosterol caused the increase of
particles heterogeneity, particularly in the case of SUVs;
the encapsulation of gentisic acid did not have influence
on PDI. Furthermore, the inclusion of β-sitosterol caused
significant zeta potential increase, and thus a better sta-
bility of liposomal particles (in the absence and in the
presence of gentisic acid). β-sitosterol showed the fol-
lowing influence of thermal characteristics of DPPC lipo-
somal particles: the decrease of Tm and∆H, as well as thedisappearance of the pre-transition peak. On the other
hand, gentisic acid exhibited the following impact on the
thermotropic properties of DPPC liposomes: a slight de-
crease in main transition temperature and increase of
phase transition enthalpy. Therefore, gentisic acid shows
more favourable and stabilizing interactions with lipids
than β-sitosterol. β-sitosterol and gentisic acid loaded
DPPC liposomal particles, evaluated in the present study,
have a potential to be used in food and pharmaceutical
products, due to the important individual and possible
synergistic beneficial health propertiesof β-sitosterol and
gentisic acid.
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